The connection between collaborative learning and the new mobile technology has become tighter. Mobile learning enhances collaborative learning as learners can access information and learning materials from anywhere and at any time. However, supporting efficient mobile learning in education is a critical challenge. In addition, incorporating technological and educational components becomes a new, complex dimension. In this paper, an efficient collaborative mobile-learning architecture based on mobile agents is proposed to enhance learning activity and to allow teachers and students to collaborate in knowledge and information transfer. A mobile agent can control its own actions, is able to communicate with other agents, and adapts in accordance with previous experience. The proposed model consists of four components: the learner agent, the teacher agent, the device agent and the social agent. The social agent plays the main role in the collaborative tasks since it is responsible for evaluating the collaborative interactions among different learners. Additionally, it offers an evaluation indicator for the learners' collaboration and supplies the teacher with learner's collaboration reports. The proposed model is evaluated by introducing a collaborative mobile-learning case study applied to two full classes of undergraduate students. To conduct the model experiments, students were asked to complete a questionnaire after they used the proposed model. The questionnaire results statistically revealed that the proposed architecture is easy to use and access, well-organized, convenient, and facilitates the learning process. The students thought the proposed m-learning application should complement rather than replace the traditional lectures. Moreover, the experimental results show that the proposed collaborative mobile learning model enhances the learner's skills in problem solving, increases the learner's knowledge in comparison with individual learning, and social agent encourages learners for more participation in the learning tasks. Based on the experiments conducted, the authors found that the proposed model can improve the quality of the learning process by assessing learners' and groups' collaboration, and it can help teachers make learners improve how they work in groups. This also provides various ways of assessing learners abilities and skills in groups. It is also possible to integrate the collaborative e-learning with the proposed collaborative m-learning.
Introduction
Technology plays an increasingly important role in education to enhance learning and teaching activities. Rodríguez et al. [1] confirmed the fact that information technology (IT) tools, such as mobile devices, have multiplied the possibilities to carry out collaborative work. Mobile learning (m-learning) is a hot research area that enables learners to access learning resources ubiquitously from anywhere and at any time using their mobile devices [2, 3] . Most of the progress made in this field has been influenced by the evolving mobile technological infrastructure [4] and the development of wireless technology [5] . M-learning takes advantage of mobile wireless communication where the learners are no longer restricted to time, space or cable network infrastructure. Learners can learn flexibly, conveniently and at anytime, anywhere for different purposes, in different ways. Additionally, m-learning is considered real-time learning as it can help collaborative learners find a solution for the encountered problems through a mobile device and, therefore, m-learning can provide opportunities for the learner to interact with other learners and to have the possibility of giving feedback. This learning process should help learners to improve their grades, confidence, communication ability, knowledge sharing, student interaction and learning efficiency [6] . The United Nations Educational, Scientific and Cultural Organization (UNESCO) recommended adopting technology to ensure access to mobile devices to allow students to access learning possibilities [7] . The organization has asserted that m-learning enhances the students' results and has a great potential in improving the quality of learning process [7] . In addition, m-learning has undergone major leaps and collaborative learning has been enhanced by applying mobile technology [8] .
In collaborative learning, learners acquire and build their knowledge by interacting with other learners within a group [1, 9] . M-learning is a helpful tool to accelerate the learning process and it encourages both collaborative and independent learning experiences [10] . It enhances collaborative learning by providing new opportunities for learners to interact using mobile devices. This encourages learners to be more active in the learning process [1, 11] . In addition, collaborative learning using technology is a very useful approach and accepted as a basic learning form, and is widely adopted [12] , and m-learning models can provide an efficient learning environment that enhances the learning process with a collaborative learning between learners and teachers [13] . A recent study confirmed the positive impact of collaborative m-learning on learners, in both their class participation and learning motivation [14] . It also revealed that collaborative m-learning leads to active engagement and improved class performance.
The traditional learning approach in education and training fields, which was based on face-toface learning, has evolved into distance learning (D-learning), where learners are separated from the teachers [17] . D-learning can take many shapes and it has evolved into electronic learning (Elearning), i.e., learning through the Internet or over an intranet [18] , and finally to Mobile Learning (m-learning). The main concern in E-Learning is the delivery of content and interaction via all electronic media, including Internet, intranets, satellite broadcast, audio/video tape, interactive TV, and CD-ROM. M-learning means learners can access learning resources and communicate or cooperate with other learners from anywhere and at any time using mobile devices.
Ally [19] describes a Framework for the Rational Analysis of Mobile Education (FRAME). This model shows that mobile learning is composed of the intersection between three parts: mobile technologies, human learning capacities, and social interaction [13] . The FRAME model (illustrated in Figure 1 ) represents the three fundamental intersected components: device (D), learner (L), and social interaction (S). The interaction between two circles creates an attribute belong to both aspects. D and L create device usability (DL), L and S create an interaction learning (LS), D and S create a social technology (DS). The intersection of the three aspects creates mobile learning (DLS). DLS provides the collaboration among learners, the ability to access the information. It considered as a mediation that includes the interaction between learner, communities and information. 
Collaborative Learning
Collaborative learning helps developing teamwork skills and facilitates the acquisition of specific knowledge [20] . It has been pointed out that collaborative learning produces intellectual synergy of many minds brought to bear on a problem, and it often leads to better understanding on the part of learners [21] . The term "collaborative learners" in the educational field refers to studying course material or sharing course assignments (problem solving), so a student acquires and builds his/her knowledge by interacting with others within a group [9] .
Dillenbourg [9] provides general concerns for developing ways to increase the probability of the occurring interactions among people to have collaborative learning. The main phases of this collaborative learning are: (1) set up initial conditions, which includes design the situation; (2) specify the collaboration contract with a scenario based on roles by defining a clear specification of roles for each learner; (3) support learner's interactions by providing an interface where users communicate with a set of pre-defined buttons; and finally (4) monitor and regulate the interactions.
Deejring [22] proposed and designed a web-based learning model using collaborative learning techniques to enable students to construct knowledge and, therefore, enhance students' competency in higher education. Recently, Al-Rahmi and Zeki [23] proposed a model of using social media for collaborative learning. Their study reported significant impacts (direct and indirect) of several factors on collaborative learning which might lead to enhanced students' learning performance. The study also revealed that the high satisfaction by students using social media enhances the collaborative learning that leads to a better learning performance. 
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Collaboration and E-Learning
Computer Supported Collaborative Learning (CSCL) supports collaborative learning using technologies to promote students' interaction and collaboration, and maximize their learning achievement [24] . This technology allows learners who are far apart to collaborate online. For example, teachers may provide a blog to the students in their classroom with links to web sites, which includes learning content or research tasks. Teachers may have students use blogs as learning reflections, story writing, etc. Viewers can leave comments, which aid writers in their writing development. Also there are various web-based applications that allow groups of students to work together on common documents in various formats either synchronously or asynchronously [25] . Instructors are considered a central role in enhancing online collaborative learning. Shank [25] shows that strong instructor supports, frequent instructor-student interaction, and advanced organizational skills are important elements of successful online collaborative learning.
Collaboration and M-Learning
Mobile Computer Supported Collaborative Learning (MCSCL) refers to the practice of using mobile computing as a way of encouraging learners' interaction in the context of joint activity [26] . M-learning offers new opportunities for students to collaborate in learning. Such opportunities enhance the learner interaction where the use of mobile devices allows creating a learning situation that is hard to achieve using other technologies. When collaboration is needed, the interaction occurs between learners using their mobile devices to allow them to be more active and engaged in the learning process. MCSCL helps to organize and manage the learning information, to allow a negotiation among learners, and to encourage and coordinate the learning activity [11] . Mobile devices operate in different ways and have different capabilities; therefore, some learning resources may not be in a format that is acceptable for different learners' needs and that fits the capabilities of different mobile devices, consequently content adaptation is needed to provide learners with an appropriate course view [4, 27] .
Mobile Agent
This section highlights the advantages and disadvantages of existing platforms in a mobile environment and the challenges that are normally found in the current mobile applications based on agents. In addition, the good aspects of mobile agents that motivated the authors to use them in the m-learning process are presented.
A mobile agent is a software component that runs on an execution environment (traditionally known as a place) and can move from a place to another within the same host or between different hosts [28] . It can sense the changes in the environment and acts according to those changes. In addition, a mobile agent has control over its own actions, is able to communicate with other agents, and adapts in accordance with previous experience [29] . Mobile agent technology for a wireless environment has many advantages that make it a good solution for many areas. All existing platforms provide many services to mobile agents but they differ in some aspects like performance, scalability, and communication. On the other hand, existing platforms share the main aspects, which are execution, communication, mobility, tracking, directory, and security.
Many security issues arise when using a mobile agent on wireless environment and, therefore, it is important to ensure the privacy and integrity of data, and consider authentication and trust issues. As data are transmitted on wireless communication over mobile devices, data will not be received only by the destination but also by any node within the range of the communications device. Therefore, most wireless communications protocols (such as Wi-Fi or Bluetooth) encrypt the data before transmission. However, in some cases the communications can be unencrypted (such as public access point). The encryption is an important feature for the transfer of a mobile agent on wireless environment to avoid exposing its code and data and, therefore, a mobile agent should be able to encrypt all its communications when connecting to others. In some cases, a malicious user could modify the mobile agent code while it is running on its device intentionally; this may lead to unpredictable results and should be prevented. Thus, it is important to ensure the code integrity of the mobile agent and provide a mechanism to validate the agent's code integrity before starting its execution [30] . Furthermore, it is necessary to provide an authentication mechanism to trust an incoming agent in a wireless environment; this mechanism limits the access of mobile agent to mobile resources (memory, CPU, file system) to avoid misuse of these resources.
Some of the architectural issues in the mobile agent platform include location discovery services: the node's name discovery services and tracking name service [30] . The discovery service provides agents with appropriate mechanisms to find nodes' locations. This service is important because the mobile agent works in an open environment where devices can appear or disappear at any time. The node's name discovery service provides the ability to discover reachable nodes and whatever are their available services. The importance of this service is to allow an agent to detect services of other agents. The tracking of mobile agents and name services provides the ability to track the node locations efficiently, which allows communication with other agents.
There are many advantages of using agents in m-learning process for creating distributed systems. The mobile agent has the ability to move in different environments which is an important characteristic due to different mobile devices environments, capabilities and limitations. In addition, a mobile agent works independently and thus can control its own actions. Moreover, a mobile agent has independent knowledge and management; it can solve a given problem and can be adapted to the surroundings on its own. Additionally, it can operate at user's request under independent conditions and make plans for its own actions. Another benefit of mobile agents is a study-ability, which refers to the ability of the agent to adjust its own actions by the information it gathers from its surrounding communication [29] . Moreover, mobile agents can reduce the network load by allowing users to package a conversation and dispatch it to a destination host where interactions take place locally. This gives a great benefit to an m-learning system due to wireless communication limitations [31] . Because of these characteristics, building system architecture design for m-learning based on a mobile agent would be a good solution.
The Collaborative Mobile-Learning Prototype Architecture Model
Black and Hawkes [32] proposed a model for a collaborative mobile learning. The goal of this model is to create a prototype interface for mobile interaction among users using a Personal Digital Assistant (PDA). The model target domain is reading-comprehension and question-answer to provide collaborative interaction interface for mobile learning tasks by enabling textual or voice input. The model is a client-server architecture. The server-side components are Image Manager Servlet, File Manager Servlet, Message Manager Servlet and Session Manager Servlet. The Image Manager Servlet is responsible for receiving requests for image files from the client, loading those files, and sending files back to the client. The File Manager Servlet is responsible for file management tasks. The Message Manager Servlet is responsible for coordinating the sending of messages between clients. The Session Manager Servlet is responsible for initiating and management of the users' session.
The client-side components are the Interface Manager, MIDlet Session Manager, and local cache. The Interface Manager is the application interface managing the screen real-estate, text size; ease of movement, MIDlet Session Manager keeps track of changes in user data as the user moves through the session as well as the current state of some features of the interface. The local cache is used for storage of data that is used during the session. The system process flows begin by a user entering his/her ID for authentication purpose, and then the system presents the user with the lesson screens (i.e., story pages to be read). After reading is completed, the questions arise to be answered. The questions are checked for correctness, and if there are any incorrect answers, the user is allowed to collaborate with his/her partners, and in this case, icons of chat and group workbooks that are enabled. 
Mobile Computer Support Collaborative Learning Models
Zurita and Nussbaum [11] introduced a model that supports collaborative mobile learning. The model is based on mobile computing through a wireless network using PDAs for children in the second year of elementary School. This model divides the Learners into groups that can move within their environment to make social interactions. Collaborator groups communicate among themselves and with other groups using the wireless communication network. The mobile can intercommunicate bi-directionally and wirelessly among them ensuring movement property for CSCL. Figure 2 illustrates how users can physically collaborate (face-to-face) in the dark gray area, where members of a group can wirelessly communicate in the light gray area.
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Zurita and Nussbaum [11] introduced a model that supports collaborative mobile learning. The model is based on mobile computing through a wireless network using PDAs for children in the second year of elementary School. This model divides the Learners into groups that can move within their environment to make social interactions. Collaborator groups communicate among themselves and with other groups using the wireless communication network. The mobile can intercommunicate bi-directionally and wirelessly among them ensuring movement property for CSCL. Figure 2 illustrates how users can physically collaborate (face-to-face) in the dark gray area, where members of a group can wirelessly communicate in the light gray area. In addition, it is possible to form different groups when there are many students in a classroom. A node can join with one subgroup and exchange information to support the dynamic group reconfiguration task. The participant does not need to exchange data with all subgroup members, but only of one single group. Figure 3 shows a model in which the gray square represents the CSCL environment supported by mobile computing.
Reychav and Wu [21] proposed a research model that sheds light on collaborative mobile learning by examining the relationships between the learning process and the learning satisfaction, perceived understanding and performance, especially the role of individual learning in groups. Different experiments were conducted for this research model to understand the collaborative mobile learning process and the learning impact with mobile tablets. The study revealed that the performance and satisfaction with texts is higher with mobile groups, while videos are more influential for individual learning. In addition, it is possible to form different groups when there are many students in a classroom. A node can join with one subgroup and exchange information to support the dynamic group reconfiguration task. The participant does not need to exchange data with all subgroup members, but only of one single group. Figure 3 shows a model in which the gray square represents the CSCL environment supported by mobile computing.
Reychav and Wu [21] proposed a research model that sheds light on collaborative mobile learning by examining the relationships between the learning process and the learning satisfaction, perceived understanding and performance, especially the role of individual learning in groups. Different experiments were conducted for this research model to understand the collaborative mobile learning process and the learning impact with mobile tablets. The study revealed that the performance and satisfaction with texts is higher with mobile groups, while videos are more influential for individual learning. Reychav and Wu [21] proposed a research model that sheds light on collaborative mobile learning by examining the relationships between the learning process and the learning satisfaction, perceived understanding and performance, especially the role of individual learning in groups. Different experiments were conducted for this research model to understand the collaborative mobile learning process and the learning impact with mobile tablets. The study revealed that the performance and satisfaction with texts is higher with mobile groups, while videos are more influential for individual learning.
The above approaches present the mobile collaborative m-learning architecture based on the client-server. The next section discusses the proposed model design for an interactive m-learning environment based on mobile agents as a basic step for developing a complete collaborative m-learning architecture.
M-Learning Model Design Based on Agents
The interaction between the learner and the teacher in the m-learning environment is very different from the real classroom. In a classroom setting, the learner can use eye expressions, sounds, body gestures, or express his/her opinions directly and indirectly. However, in the m-learning environment, the interactions between the learner and teacher are made using the mobile screen, communicating over networks, and are not limited by space and time. This section introduces a design model of interactive m-learning environment between learners and teachers as a basic step for developing an efficient collaborative learning model.
The proposed model consists of two main components: the learner agent and the teacher agent as shown in Figure 4 . The learner agent has two elements; a learner profile and a mobile course. The teacher agent communicates with the learner agent to keep track of the student's learning status. The following subsections present the design of these agents.
Electronics 2020, 9, x FOR PEER REVIEW 8 of 36
The above approaches present the mobile collaborative m-learning architecture based on the client-server. The next section discusses the proposed model design for an interactive m-learning environment based on mobile agents as a basic step for developing a complete collaborative mlearning architecture.
The proposed model consists of two main components: the learner agent and the teacher agent as shown in Figure 4 . The learner agent has two elements; a learner profile and a mobile course. The teacher agent communicates with the learner agent to keep track of the student's learning status. The following subsections present the design of these agents. 
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A learner agent is deployed on the learner's mobile device in the m-learning environment. It maintains the learner personal information and monitors the learner progress for the respective learner and as shown in Figure 4 . The learner interacts with the m-learning environment using a mobile user interface, and the learner agent observes the learner activity and updates the learner profile (achievement, understanding, and performance) to enhance the learning development process.
Teacher Agent Design
The teacher agent helps teachers to guide the learners study. It exchanges information with the learner agent in order to give the teacher an evaluation report about the learner's progress, and then the teacher evaluates the status of the learner and give a feedback to the learner by informing the teacher agent to notify the learner agent about teacher instructions. The teacher agent is deployed on the teacher mobile device. It analyzes the learner's information to give informative feedback. In addition, the teacher agent decides which learners understand the learning tasks and it gives clarifications. It can guide the learner for learning difficulties of his/her study. In addition, it can choose a course from mobile courses for discussion to enhance understanding. If there is any learner that does not follow the teacher agent's instructions, the teacher agent can ask for help from the 
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Teacher Agent Design
The teacher agent helps teachers to guide the learners study. It exchanges information with the learner agent in order to give the teacher an evaluation report about the learner's progress, and then the teacher evaluates the status of the learner and give a feedback to the learner by informing the teacher agent to notify the learner agent about teacher instructions. The teacher agent is deployed on the teacher mobile device. It analyzes the learner's information to give informative feedback. In addition, the teacher agent decides which learners understand the learning tasks and it gives clarifications. It can guide the learner for learning difficulties of his/her study. In addition, it can choose a course from mobile courses for discussion to enhance understanding. If there is any learner that does not follow Electronics 2020, 9, 162 9 of 36 the teacher agent's instructions, the teacher agent can ask for help from the learner agent. The teacher agent will send a request to the relative learner agent. The learner agent will forward the teacher instruction to the learner for informing him/her about the required study.
The following steps summarize the m-learning environment based on agents:
1.
The learner agent observes learner activity (i.e., learner solves some exercise).
2.
The learner agent informs the teacher agent about the learner's progress (i.e., which topic was understood or misunderstood).
3.
The teacher agent guides the learner (i.e., give the teacher instructions, direct students to select the needed course).
4.
The teacher agent contacts the teacher to inform him/her about the learner's progress report.
5.
The teacher gives instructions to the learner through teacher agent. 6.
The teacher agent informs the learner agent about new instructions. 7.
The learner agent uses new instructions to enhance the learner's progress. 8.
The teacher agent monitors the progress of the teacher's instructions
Collaborative Mobile-Learning Model Design Based on Agents
Section 3 presented the proposed model design for the interactive m-learning environment based on mobile agents. Section 4 proposes a complete model for a collaborative m-learning architecture. The proposed model is based on the FRAME model discussed in Section 2 (see Figure 1 ). The FRAME model divides the mobile environment into three main parts: device (D) which represents mobile technologies, learner (L) which represents human learning capacities, and social (S) which represents social interaction. Based on the FRAME model, a collaborative m-learning model that covers the mobile learning environment is proposed. The proposed model divides the mobile environment into different parts; each part is responsible for one of the main aspects of the mobile environment in the FRAME model. The model components are device agent, learner agent, teacher agent, and social agent. These agents are interacting with each other to create a mobile learning environment as shown in Figure 5 . For example, the social agent can interact with the learner agent to encourage the learner for more collaboration in the learning task. Similarly, the learner agent may interact with the device agent to find the location of another agent in the network. Furthermore, the teacher agent can interact with the learner agent to inform the learner of a new learning task or instructions. The design of the agents of the proposed model are described in detail in the following subsections. 
Learner Agent Design
The learner agent concerns with the learner aspects of the FRAME model. It is responsible for keeping track of the learner's profile that includes the learner development, learner evaluation, and learner characteristics. The learner agent in the collaboration model is connected with the learner data model in order to assess the learner's abilities and deficiencies, which will be constructed by the 
The learner agent concerns with the learner aspects of the FRAME model. It is responsible for keeping track of the learner's profile that includes the learner development, learner evaluation, and learner characteristics. The learner agent in the collaboration model is connected with the learner data model in order to assess the learner's abilities and deficiencies, which will be constructed by the observation actions of the learner. The learner data model maintains the learner collaborative interaction that is used to evaluate the group collaboration. The learner data model is composed of the following parts: learner interactions, learner understanding, learner performance, and learner personality.
Teacher Agent Design
The teacher agent is concerned with the evaluation and it is guiding the learning process. It helps the teachers to follow the learners' progress and evaluation as described in Section 3. The learner agents inform the teacher agent about the learners' performance, and then the teacher agent will provide the teacher with the learner's evaluation reports. This helps the teacher to provide feedback to a learner and monitor their progress. The teacher agent can guide the learner during the learning process, give explanation, and provide exercises and discussions to enhance a learner's understanding. It gives a learner the instructions to be more collaborative and engage him/her to join to learning process.
Device Agent Design
The device agent is concerned with the device aspects of the FRAME model. It is responsible for all functions that are related to the mobile technologies, such as mobile platforms and networks. The device agent connects with the device data model that contains the device specifications and properties in order to configure the mobile learning environment and identify the different types of device terminals. The device data model is composed of the display formats, platform, operating system, screen size, network protocol, network bandwidth, and so on. Additionally, the device agent is responsible for providing the services that are required in the collaborative learning processes. One of these services is the discovery of mobile nodes as it helps the mobile device to determine the location of other nodes in the group, and how to reach these nodes. Another important service is the mobile discovery service (described in Section 2), which allows the mobile device to explore other services on other mobile devices. In addition, the device agent provides security services to the mobile device. For example, the mobile device needs to authenticate all messages exchanged with other mobile devices in the group. Therefore, the device agent may offer an encryption key for the group. The device agent is located at the server side, and other mobile agents can communicate with it (see Figure 5 ).
Social Agent Design
The social agent is concerned with the social aspects of the FRAME model. It is responsible for the social interaction and cooperation that includes managing group interactions, monitoring collaborative learning activities, evaluating group performance, and increasing collaborative learning within the group. The social agent connects with the social data model that contains all information related to the groups in order to assist the progress of the learner's group. For example, the social data model has the social profiles of learners and their classifications. The social data model can be stored in the database of the server, and the social agent can retrieve the collaborative data via queries. In the proposed model, the social agent is responsible for monitoring and assisting the learners in their collaborative activities. All learners are interacting socially using social agents. While the learner agent is responsible for monitoring and interacting with one learner, the social agent interacts with all learner agents of the group. For example, the social agent can interact with the learner agent to encourage the learner to collaborate more in group tasks. In addition, the social agent gives the learner agent the instructions to help the learner's collaborating with other learners. The social agent is located at the server side, and other mobile agents can communicate with it (see Figure 5 ).
Analysis of Collaborative Mobile-Learning Model Based on Agent
The following steps represent the interactive scenario between the components of the proposed model:
1.
The teacher interacts with the teacher agent to provide learners with the learning task. The teacher informs the teacher agent about new learning tasks.
2.
The teacher agent looks for the location (IP address) of the learner agent. To do this, it requests the needed information from the device agent, where the information is maintained in the device data model. The device agent checks its data model to retrieve the requested information, and then it provides the teacher agent with the learner agent location.
3.
The teacher agent sends the received teacher's learning task to the learner agent.
4.
When the learner agent receives the teacher's task, it informs the learner with the received teacher's task using the mobile user interface.
5.
The main goal of learner agent is to manage the learner's task with other learners. The learner agent gathers the information related to the learner by observing the learner's interaction, and then updates the learner data model. 6.
The responsibility of the social agent is to manage and monitor the collaborative learning between learners. Thus, the social agent collects the learner's interactions during the learning process.
To accomplish this process, the social agent requests some information about the learner's agent location from the device agent. After it receives the node's location, it requests the learner data model from the learner agent (i.e., the social agent can move into the mobile device to collect the social information). 7.
To maintain the social information, the social agent updates the social data model. 8.
The social agent provides the teacher with an evaluation report showing the collaboration among learners. It sends the social information to the teacher agent, and then the teacher agent informs the teacher with the social information using the mobile user interface. 9.
Using the information gathered from the learner agent, the social agent provides the learner agent with the instructions that engage the learner in collaboration with other learners.
The main concern in this work is to create a collaborative learning model. In the next section, the role of the social agent in managing the collaboration among the learners is described with a focus on the social agent's monitoring task, and how the learner's collaboration can be analyzed to evaluate the group collaboration. Furthermore, the social agent's services that are required to maintain the social information are illustrated.
Collaborative Mobile Learning with Social Agent
The collaborative learning interactions between learners involve defining the problem and relevant parameters, suggesting solutions among learners, evaluating and elaborating the suggested solutions, choosing the best solutions, and finding the best decision. The collaboration interactions increase the social support, the positive school attitude, the positive attitude towards education, the on-task behavior, and the level of interpretation for the learners' group [33] . As described in Section 4, the social agent is responsible for maintaining social interactions among the learners to increase the collaborative learning within the group. This section demonstrates some functions that are responsible to the social agent in the learning process. In the proposed model, a collaborative learning environment is created to enhance the group interactions activity and increase the learner's social contribution in discussion, counter-suggestion, evaluation, and elaboration. Section 5.1 demonstrates the social agent tasks that are important to create a collaborative learning environment. Section 5.2 describes the social services that are needed to accomplish the social agent task. Section 5.3 illustrates how data are organized in the social data model. This section also discusses the social data interpretation and presents the social agent workflow. A collaborative learning scenario is demonstrated in Section 5.4.
Social Agent Tasks
To create a collaborative learning environment, the social agent is responsible to the following tasks:
1.
To monitor and assess the learner's collaborative activities.
2.
To evaluate the group collaboration performance.
3.
To provide a feedback to the teacher about the learner status and the group progress. 4.
To arrange the discussion between the learner groups.
5.
To provide feedback to the learners about their progress and contribution. 6.
To encourage the learner to undertake a learning task. 7.
To give the learner a tactic to enhance the collaboration with other learners.
The aforementioned tasks enable collaborative m-learning interaction among learners.
Social Agent Services
The goal of the social agent is to help both learners and teachers to collaborate in a learning environment. This goal requires the social agent to fulfil some tasks as described in Section 5.1. However, the social agent tasks need some services to be accomplished. This section describes these services, namely, assessment of quality group collaboration, assessment of group performance, and learner group participation.
Assessment of Quality Group Collaboration Service
The social agent is concerned with the interaction among learners; it analyzes the interactions among learners and enhances the collaborative learning activity. One of the tools used by the social agent to analyze the interactions among learners is the "Assessment Quality of Group Collaboration (QCA) Service." This service is important for the social agent to monitor and assess the learners, and encourage them to do the learning tasks. This service also analyzes the learners' interaction and provides feedbacks about learners' contribution in the learning task. The social agent uses QCA to assess the quality of the group collaboration service. It counts the frequency of certain types of content to be used in interpretations of constructs such as the learner behavior [34] . This procedure will be used to imply information about the learner's social skills according to the number of learner's participating in the learning task by assigning each contribution a specified code or category.
The QCA can be used to make an inference about unobservable constructs based on observable behavior by collecting a sample of behaviors from a specified domain. Each sample is assigned into a behavior category and the frequency of each used category reflects the differences in the implication. Additionally, by using the QCA, the social agent can interpret the quality of the group collaboration by collecting the learner interactions, and then assigning each interaction into some category, and counting the frequency of each category to make an interpretation about the group collaborations quality. Therefore, the categories for the learning problem need to be defined, and each interaction is classified into a category. Finally, an interpretation of the collected social data needs to be developed to make an evaluation for the quality of collaboration. The following steps describe the QCA Service:
1.
The learner agent observes learner interactions, then it updates learner data model.
2.
The social agent collects the learner's interactions (i.e., the social agent moves into a mobile device to collect the social information).
3.
The social agent classifies each interaction to one of defined classes (described in Section 5.3).
4.
The social agent makes interpretations and analysis on the social data using the QCA to assess the quality of group collaboration (described in Section 5.4).
5.
The social agent informs the teacher agent about the quality of the group collaboration. 6.
The teacher agent notifies the teacher about the quality of group collaboration.
Assessment of Group Performance Service
The social agent can measure the group performance by assessing the interpretation of learners' interactions. The social agent classifies all interactions received from the learner agent and assigns a rank for everyone (the rank can be a number or an interpretation). The social agent then assesses the rank of interpretations to measure the group performance. The interpretations of interactions rank can be assigned according to how close are the interactions to the learning goal. The learning goal can be the solutions to a problem, the overall teamwork on a project, a number of tasks that are done etc. In the proposed model, the group performance can be measured by assigning each class a rank. Then the frequency of each class is calculated and multiplied by its rank; then, all total ranks are added up to obtain the overall group performance. The social agent evaluates the group performance and informs the teacher about the evaluation to help the teacher to give a feedback for group members as shown in Figure 6 .
QCA Service:
1. The learner agent observes learner interactions, then it updates learner data model. 2. The social agent collects the learner's interactions (i.e., the social agent moves into a mobile device to collect the social information). 3. The social agent classifies each interaction to one of defined classes (described in Section 5.3). 4. The social agent makes interpretations and analysis on the social data using the QCA to assess the quality of group collaboration (described in Section 5.4). 5. The social agent informs the teacher agent about the quality of the group collaboration. 6. The teacher agent notifies the teacher about the quality of group collaboration.
The social agent can measure the group performance by assessing the interpretation of learners' interactions. The social agent classifies all interactions received from the learner agent and assigns a rank for everyone (the rank can be a number or an interpretation). The social agent then assesses the rank of interpretations to measure the group performance. The interpretations of interactions rank can be assigned according to how close are the interactions to the learning goal. The learning goal can be the solutions to a problem, the overall teamwork on a project, a number of tasks that are done etc. In the proposed model, the group performance can be measured by assigning each class a rank. Then the frequency of each class is calculated and multiplied by its rank; then, all total ranks are added up to obtain the overall group performance. The social agent evaluates the group performance and informs the teacher about the evaluation to help the teacher to give a feedback for group members as shown in Figure 6 . The following steps describes the Assessment of Group Performance Service:
1.
The learner agent observes the learner's interactions, and then it updates the learner's data model.
2.
The social agent collects the learner's interactions.
3.
The social agent classifies each interaction to one of the defined categories (described in Section 5.3).
4.
The social agent makes interpretations and analysis on the social data using QCA to assess the group performance (described in Section 5.4).
5.
The social agent informs the teacher agent about the group's performance.
6.
The teacher agent notifies the teacher about the group's performance.
Learner Group Participation Service
The learner group participation estimates the learner participations in the group interactions and shows how the learner contributes to the group task relative to all group members. This measurement is useful for the social agent to decide which learner should be encouraged on the learning task, and to give the learner a tactic to enhance his/her collaboration with other group members. The social agent can calculate the learner group participation by dividing the total number of his/her interactions on the total number of interactions of the whole group. It should be noted that the learner may not interact with other learners; he/she may only observe the activity of other learners. This mode of observation may be considered as a type of participation depending on the aims of a study. The following sequence steps describes the learner group participation service:
1.
The learner agent observes learners' interactions, and then it updates the learner data model.
2.
The social agent collects learners' interactions.
3.
4.
The social agent makes interpretations and analysis on the social data using the QCA to evaluate the learner group participation (described in Section 5.4).
5.
The social agent encourages learners who did not contribute in the learning task by communicating with the learner agent.
Social Data Model
The social data model contains the social profiles of the learners and the interaction classifications. It maintains the classes of interactions to identify a class for each interaction as shown in Table 1 . The goal here is to ensure that the classes of the interactions are combined with the behaviors that represent the learner interaction of that class (i.e., the class is a problem analysis). This is particularly important in the work of the QCA because this technique is essentially observational. In addition, the social data model maintains the learners' social profiles. The learner profile consists of the learners' interaction classes that resulted from the collaborative learning. The social data model stores this information into the learners' interactions sequence as shown in Table 2 . The interpretation of the interactions sequence is discussed as follows. 
Class Type Interactions Type (Construct)
Class 1 Interaction 1, Interaction 2, interaction 3 Class 2 Interaction 4, Interaction 5, interaction 6 Class 3
Interaction 7, Interaction 8, interaction 9 Table 2 . Learners' interactions sequence.
Learner Number Interactions Profile
Learner ( The interpretation of the social data needs to define each interaction and assign it to a specific class. After doing this classifications, the social agent builds the learners interactions sequence (i.e., Class 1 -Class 1 -Class 3 -Class 4 -Class 2 . . . etc.) according to the learner's social interactions shown in Table 2 . Then the social agent analyzes the learner's interactions sequence using the QCA to assess the quality of group collaboration, group performance, and learner group participation.
To assess the quality of the group collaboration, the social agent constructs the learner's participations values as shown in Table 3 . This table shows the learner class's participations number (N1, N2, and N3) and the total learners class participations number (Total N). The value N reflects the quality of group collaboration in the learning class (a class can be any skill such as problem analysis or problem evaluation). To assess the group performance, the social agent constructs an interactions ranking as shown in Table 4 . This table shows a class rank and the total learners' class participation number. The total rank for a specific class reflects the group performance of this class, while the overall total rank reflects the overall group performance in all classes during the learning process. To assess the learner's group participations, the social agent calculates the participation ratio of the learner by dividing the learner class participations number (N1, N2, N3) over the total learners class participations number (Total N1, Total N2, Total N3) as shown in Table 5 . These statistics can be utilized to analyze the learner's participations during the problem solving of the collaborative environment. For example, if R1 is low, then it can be concluded that the learner has low collaboration in Class 1. In this case, the social agent encourages the learner to make more contributions with other group members. Figure 7 illustrates the social agent's workflow. The social agent uses the class definitions in Table 1 to classify the learner's contribution and obtain the learner's interactions sequence, and then it counts the number of each class to make an interpretation. The interpretation is based on the comparison of the learner participation with the whole group participations. The following steps summarizes the social agent's workflow:
1.
Determine a category for each interaction in the social data model.
2.
Define each construct (interactions among learners) and assign it to a category.
3.
Define interpretations for the social data using the QCA (described in Section 5.4).
4.
The social agent collects the interactions among learners (i.e., discussion messages) by interacting with the learner agents. For this purpose, the learner agent maintains the learner data model to retrieve the learner interactions.
5.
The social agent classifies each interaction to one of the defined categories. 6.
The social agent makes interpretations and analysis of the social data using the QCA. It counts the frequency of classes in the learner interaction sequence to infer conclusions about the learner behavior. 7.
According to interpretations resulting from the previous step, the social agent can monitor and assess the learners in the collaborative activities and provides a feedback to the teacher.
The social agent classifies each interaction to one of the defined categories. 6. The social agent makes interpretations and analysis of the social data using the QCA. It counts the frequency of classes in the learner interaction sequence to infer conclusions about the learner behavior. 7. According to interpretations resulting from the previous step, the social agent can monitor and assess the learners in the collaborative activities and provides a feedback to the teacher. 
Collaborative Learning Scenario
In this section, a collaborative learning scenario is described to demonstrate how the social agent is used in the problem solving of collaborative m-learning. The scenario consists of a group of learners and a teacher assigning a task to the group. The group goal is to collaborate to solve the given task. The interactions of the learners' group are defined as discussions among the learners. The social agent evaluates the group discussion to assess the quality of the group collaboration, group performance, and learner group participation, and then it returns feedback to the teacher and group members.
Development of Assessment Quality of Group Collaboration Service
The QCA service is used to understand the discussions among the learners on the syntax of words in a sentence by analyzing the interactions among the learners. The first step is to define the class of interactions (Table 1) in the social data model. Therefore, the interaction classes need to be identified with a respective construct (interaction).
Poole and Holmes [35] developed a Functional Category System (FCS), which is an interaction classification scheme to study the collaborative interactions in problem-solving contexts; they provide a classification for each interaction unit in seven categories:
Social agent determines class for each interaction in social data model
Define the interpretations of social data using QCA
Collects the interactions between learners

Classifies learner interaction into one of the classes defined
Interpretations and analysis social data using QCA assess learner in collaborative activity 
Define learners interaction and assign it to a class type
Collaborative Learning Scenario
Development of Assessment Quality of Group Collaboration Service
1.
Problem Analysis: defined as statements that state the causes behind a problem (e.g., "I think in this project we are supposed to create a model . . . ").
2.
Problem Critique: defined as statements that evaluate the problem analysis statements (e.g., "what we need to do is to create this model . . . ").
3.
Orientation: defined as statements that attempt to orient or guide the group in the learning process, and to reflect an evaluation of a group's process or progress (e.g., "my opinion is to draw on the notes about everything").
4.
Criteria Development: defined as statements that focus on criteria for decision-making or on general parameters used in solutions (e.g., "we need to get a basic model with its components . . . ").
5.
Solution Development: defined as suggestions of alternatives, ideas, proposals for solving the problem, and statements that provide details or elaboration on a previously stated alternative.
It provides ideas or further information about alternative solutions (e.g., "I suggest to create a simulation for this model").
6.
Solution Evaluation: defined as statements that evaluate alternatives and give reasons for the evaluations, including statements that agreed or disagreed with the criteria development or solution suggestion statements. The statements in this category can be a decision in its final form or ask for a final group confirmation of the decision (e.g., "I agree with your solution"). 7.
Non-Task: defined as statements that do not have anything to do with the decision task (e.g., "let us take a break!").
The classes of interactions to represent the problem solving are built based on FCS. Table 6 contains the Functional Category System (FCS) classes and interactions (keywords) that can be used in the classification. The keywords are defined based on the problem's possible interactions among learners during the learning task. The full FCS class interactions used are shown in Table A1 . The learner interactions are classified according to the classes of interactions (e.g., Table 6 ) defined in the social data model. The social agent builds a FCS Learners interactions sequence based on learner interactions (Table 7) . For example, Learner (1) has the interactions sequence (PA-PA-OO-CD-PA-SE-NT-SE-SD). The analysis of this sequence determines the quality of the learner collaboration in the group. Table 7 . FCS learners' interactions sequence.
Learner Number Interactions Sequence
Learner (1) PA-PA-OO-CD-PA-SE-NT-SE-SD Learner (2) PA-PC-CD-PA-PA-SE-SD-SE-SD Learner (3) NT-PC-PC-CD-NT-SE
The social agent classifies each interaction among one of the defined FCS classes. Then it makes interpretations of the social data using the QCA to count the frequency of learner participation classes and construct FCS learners' participation as shown in Table 8 . The FCS learners' participation contain the learner participations class number and the total learners' participation class number for each class. These statistics reflect the group quality of collaboration (i.e., total PA = 6). These values are used to evaluate the group collaboration and compare the evaluated collaboration with other groups in order to enhance the group collaboration in a proper way. 
Development of Assessment Group Performance Service
To assess the group's performance, the social agent constructs an FCS learners' interactions ranking as shown in Table 9 . The overall total rank (the value 25 in Table 9 ) reflects the overall group's performance, while the total rank for any specific class reflects the group class performance in the collaborative learning process. As illustrated in Table 9 , the class SE has the rank value three and the total class participation number is five, and so, the total rank of the SE class is 15 (3 × 5) . Comparing the SE class total rank with other classes, the SE class has the best total rank and the CD class have the worst total rank (Total Rank = 4). From this observation, it can be concluded that the group performance of SE is better than CD. In this case, the teacher will focus to grow the CD skills among the learners. The total rank reflects the collaborative group performance in the m-learning. If a social agent notices this total is low compared with other class types, then it notifies the group members to obtain more contributions for that class or skill. 
Development of Learner Group Participation Service
The social agent calculates the participation ratio of the learner classes by dividing the learner participation class number over the total learners' class participation number as shown in Table 10 . According to the ratios of the learner participations in Table 10 , the social agent encourages, for example, Learner (1) to make more collaboration in the criteria development (CD = 0%). Similarly, the social agent encourages Learner (3) to collaborate more in the problem analysis (PA = 0%). Moreover, the social agent informs the teacher agent about the learner group participation. The next section discusses the implementation and simulation of the proposed architectural model using the Java Agent Development Framework-Lightweight Extensible Agent (JADE-LEAP) Platform. 
The Implementation of Collaborative Mobile-Learning Model Based on Agents
This section discusses the implementation and simulation of the proposed m-learning architectural model. The proposed model is implemented using Java 2 Micro Edition (J2ME) with JADE-LEAP services enabling agent interaction. The proposed architecture of the system is composed of multi-agents, namely, the device agent, the learner agent, the teacher agent, and the social agent. The authors deployed the agents on mobile devices and experimented with the platform in a real environment. The results obtained show that the collaborative m-learning should be used to supplement classroom lectures, enhance the leaner's skills in problem solving, increase the learners' knowledge, and encourage the learners to participate more in the learning tasks. In addition, the system is easy to use and access, well-organized, convenient, and facilitates the learning process. The following sub-sections present in details the implementation of the proposed m-learning architectural model.
Java Agent Development Framework (JADE) Platform Overview
Java Agent Development Framework (JADE) is a middleware that facilitates the development of multi-agent systems [36] . JADE provides simple and reliable access to services over any network, independent of platform, protocol, or application technology [37] . The JADE runtime environment is called a container. Each container can manage several agents. One container needs to be set as the main container and must always be active in the platform and all other containers register with it. Figure 8 shows two normal containers registered with the main container. Any container can manage more than one agent (e.g., Container 2). supplement classroom lectures, enhance the leaner's skills in problem solving, increase the learners' knowledge, and encourage the learners to participate more in the learning tasks. In addition, the system is easy to use and access, well-organized, convenient, and facilitates the learning process. The following sub-sections present in details the implementation of the proposed m-learning architectural model.
Java Agent Development Framework (JADE) is a middleware that facilitates the development of multi-agent systems [36] . JADE provides simple and reliable access to services over any network, independent of platform, protocol, or application technology [37] . The JADE runtime environment is called a container. Each container can manage several agents. One container needs to be set as the main container and must always be active in the platform and all other containers register with it. Figure 8 shows two normal containers registered with the main container. Any container can manage more than one agent (e.g., Container 2). The main container differs from other containers as it holds two special agents: The Agent Management System (AMS) and the Directory Facilitator (DF). The AMS is responsible for (1) ensuring that each agent in the platform has a unique name and (2) managing the authority in the platform. The DF is responsible for providing a Yellow Pages service by means of which an agent can find other agents providing the services required to achieve its goal. The Remote Monitoring Agent (RMA) provides a graphical console to monitor and control the platform, and it also manages the lifecycle of the agents [36] .
JADE-Lightweight Extensible Agent (LEAP) Overview
JADE powered by a Lightweight Extensible Agent Platform (JADE-LEAP) is a platform that can be deployed on a wide range of devices varying from servers to Java-enabled cellphones. The JADE-LEAP platform can be executed on handheld devices supporting J2ME such as the great majority of Java-enabled cellphones. For this reason, JADE-LEAP is chosen to build the proposed architecture. Figure 9 shows the JADE-LEAP platform runs on Mobile Information Device Profile (MIDP). The main container differs from other containers as it holds two special agents: The Agent Management System (AMS) and the Directory Facilitator (DF). The AMS is responsible for (1) ensuring that each agent in the platform has a unique name and (2) managing the authority in the platform. The DF is responsible for providing a Yellow Pages service by means of which an agent can find other agents providing the services required to achieve its goal. The Remote Monitoring Agent (RMA) provides a graphical console to monitor and control the platform, and it also manages the life-cycle of the agents [36] .
JADE powered by a Lightweight Extensible Agent Platform (JADE-LEAP) is a platform that can be deployed on a wide range of devices varying from servers to Java-enabled cellphones. The JADE-LEAP platform can be executed on handheld devices supporting J2ME such as the great majority of Java-enabled cellphones. For this reason, JADE-LEAP is chosen to build the proposed architecture. Figure 9 shows the JADE-LEAP platform runs on Mobile Information Device Profile (MIDP). 
Implementing the Proposed Collaborative Architecture Using JADE-LEAP
In this part, an agent-based system for the collaborative mobile learning using JADE-LEAP environment is constructed. The architecture of the proposed system is composed of a multi-agent system. Figure 10 shows the architectural design for the proposed collaborative mobile-learning model based on agents using JADE-LEAP platform. The architecture is composed of four agents: device agent, learner agent, teacher agent, and social agent. According to JADE-LEAP specifications, every agent must be located in a container. The DF and AMS agents work as device agents in our model. As illustrated in Figure 10 , there are three learner agents located in three different containers, Container 1, Container 2, and Container 3. Each learner agent is registered with the main container using DF and AMS agents. The DF and AMS agents keep track of the agent services and provide an Agent Identifier (AID) to enable the agent communication with other agents. Every learner agent receives the AIDs of other learner agents from the DF to interact with these learner agents. For example, the teacher agent registers with the main container to enable other agents to communicate 
In this part, an agent-based system for the collaborative mobile learning using JADE-LEAP environment is constructed. The architecture of the proposed system is composed of a multi-agent system. Figure 10 shows the architectural design for the proposed collaborative mobile-learning model based on agents using JADE-LEAP platform. The architecture is composed of four agents: device agent, learner agent, teacher agent, and social agent. According to JADE-LEAP specifications, every agent must be located in a container. The DF and AMS agents work as device agents in our model. As illustrated in Figure 10 , there are three learner agents located in three different containers, Container 1, Container 2, and Container 3. Each learner agent is registered with the main container using DF and Electronics 2020, 9, 162 20 of 36 AMS agents. The DF and AMS agents keep track of the agent services and provide an Agent Identifier (AID) to enable the agent communication with other agents. Every learner agent receives the AIDs of other learner agents from the DF to interact with these learner agents. For example, the teacher agent registers with the main container to enable other agents to communicate with it as illustrated in Figure 10 . environment is constructed. The architecture of the proposed system is composed of a multi-agent system. Figure 10 shows the architectural design for the proposed collaborative mobile-learning model based on agents using JADE-LEAP platform. The architecture is composed of four agents: device agent, learner agent, teacher agent, and social agent. According to JADE-LEAP specifications, every agent must be located in a container. The DF and AMS agents work as device agents in our model. As illustrated in Figure 10 , there are three learner agents located in three different containers, Container 1, Container 2, and Container 3. Each learner agent is registered with the main container using DF and AMS agents. The DF and AMS agents keep track of the agent services and provide an Agent Identifier (AID) to enable the agent communication with other agents. Every learner agent receives the AIDs of other learner agents from the DF to interact with these learner agents. For example, the teacher agent registers with the main container to enable other agents to communicate with it as illustrated in Figure 10 . The social agent interacts with other agents to keep track of all collaborative activities among the group members. It builds a social data model by interacting with all learner agents and downloading their AIDs. In addition, it communicates with the teacher agent to inform it about the learners' status. Figure 11 illustrates the architectural design for the collaborative mobile learning multi-platform based on agent using JADE-LEAP platform. In this multi-platform, the learner agent in Container 3, for example, can interact with the learner agent in Container 1 that is located in a different platform The social agent interacts with other agents to keep track of all collaborative activities among the group members. It builds a social data model by interacting with all learner agents and downloading their AIDs. In addition, it communicates with the teacher agent to inform it about the learners' status. Figure 11 illustrates the architectural design for the collaborative mobile learning multi-platform based on agent using JADE-LEAP platform. In this multi-platform, the learner agent in Container 3, for example, can interact with the learner agent in Container 1 that is located in a different platform by communicating with its main container. This is possible because the two main containers are connected to each other.
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Implementation of Learner Agent
The learner agent (described in Section 4) is responsible for tracking the learner profile that includes the learner development, learner evaluation, and learner characteristics. Figure 12 shows a graphical user interface (GUI) for a mobile learner agent. Figure 11 . Proposed architectural design for collaborative mobile learning multi-platform using JADE-LEAP.
The learner agent (described in Section 4) is responsible for tracking the learner profile that includes the learner development, learner evaluation, and learner characteristics. Figure 12 shows a graphical user interface (GUI) for a mobile learner agent. Figure 12a shows the learner agent starting page that contains two selection items: learner agent and view-output. View-output contains the log of the agent and cannot be viewed during agent running due to limitation of mobile device screen and memory. The learner agent item will pass to the next screen that requests to input the learner name as shown in Figure 12b . The learner agent main screen is shown in Figure 12c . It contains the following selection items:
1.
Output interactions (Figure 13a ).
2.
Learner name (Figure 13b ).
3.
Interaction input (Figure 13c ).
4.
Teacher instruction (Figure 14a ).
5.
Social agent instructions (Figure 14b ): enables the learner to read the social agent instructions and notifications during the learning process.
The learner agent receives the instructions from the social agent to inform the learner about the learner status and what are the skills the learner should improve as illustrated in Figure 14 1. Output interactions (Figure 13a ). 2. Learner name (Figure 13b ). 3. Interaction input (Figure 13c ). 4. Teacher instruction (Figure 14a ). 5. Social agent instructions (Figure 14b ): enables the learner to read the social agent instructions and notifications during the learning process. The learner agent receives the instructions from the social agent to inform the learner about the learner status and what are the skills the learner should improve as illustrated in Figure 14 . (Figure 13c ). 4. Teacher instruction (Figure 14a ). 5. Social agent instructions (Figure 14b ): enables the learner to read the social agent instructions and notifications during the learning process. The learner agent receives the instructions from the social agent to inform the learner about the learner status and what are the skills the learner should improve as illustrated in Figure 14 .
Interaction input
(a) Learner agent shows the teacher instructions screen (b) Learner agent shows the Social Agent instructions screen Figure 14 . Mobile learning GUI-the learner agent shows social agent instructions and teacher instructions screens.
Implementation of Teacher Agent
The social agent informs the teacher agent about the learner's information to give the teacher an evaluation report about the learner's progress. The teacher evaluates the status of the learner and gives a feedback to the learner by informing the teacher agent to notify the learner agent about the teacher instructions. Figure 15 shows the GUI of the teacher agent. The teacher agent main screen (Figure 15c ) contains the following items:
4.
Learners Participations Table (Figure 16c ): shows the learners' participation during the learning process as described in Section 5.
5.
Teacher instruction: enables the teacher to read the previous teacher instructions and notifications. evaluation report about the learner's progress. The teacher evaluates the status of the learner and gives a feedback to the learner by informing the teacher agent to notify the learner agent about the teacher instructions. Figure 15 shows the GUI of the teacher agent. The teacher agent main screen (Figure 15c ) contains the following items:
1. Learners' participation ratio (Figure 16a ). 2. Learner name. 3. Instructions Input (Figure 16b ). 4. Learners Participations Table (Figure 16c ): shows the learners' participation during the learning process as described in Section 5. 5. Teacher instruction: enables the teacher to read the previous teacher instructions and notifications. 
Implementation of Social Agent
The social agent is responsible for analyzing the social interactions among the learners to increase the collaborative learning among the group members. Figure 17 shows the GUI of the social agent. 
The social agent is responsible for analyzing the social interactions among the learners to increase the collaborative learning among the group members. Figure 17 shows the GUI of the social agent.
The social agent is responsible for analyzing the social interactions among the learners to increase the collaborative learning among the group members. Figure 17 shows the GUI of the social agent. The social agent items are described as follows:
1. Input fields for class type, keyword, and rank. The teacher or module coordinator can define these values in the system. The social agent items are described as follows:
1.
Input fields for class type, keyword, and rank. The teacher or module coordinator can define these values in the system.
2.
Class interaction table as described in Section 5.
3.
Learners' interaction sequence table: shows the learners' participation sequence table during the learning process as described in Section 5.
4.
Learners' interaction ranking table: shows the learners' participation ranking table during the learning process as described in Section 5.
5.
Learner's participation ratio as described in Section 5.
6.
Learners participation table as described in Section 5.
The social agent builds the social data model by communicating with the learner agent and collecting the learner data model. The social data model consists of the classes interactions table, learner  interactions sequence table, learner interactions ranking table, learner participations table, and learners' participation ratio. After collecting the social data, the social agent analyzes the information to build the learner participation table and learner participation ratio. Then the social agent communicates with the teacher agent to inform it about the learner's status.
Learner Agent and Teacher Agent Implementation Using JADE-E-Learning Extension
In this part, the authors implemented other versions of the learner and teacher agents using JADE ( Figure 18 ). These versions can be used to extend the system to be deployed on devices that support J2SE, and so the system can be also used in the E-Learning environment.
agent communicates with the teacher agent to inform it about the learner's status.
Learner Agent and Teacher Agent Implementation Using JADE-E-learning Extension
In this part, the authors implemented other versions of the learner and teacher agents using JADE (Figure 18 ). These versions can be used to extend the system to be deployed on devices that support J2SE, and so the system can be also used in the E-Learning environment. 
Simulation of the Interactions between Agents
This part presents sample interactions between the agents of the proposed system. Figure 19 illustrates a simulation to the proposed model using JADE Sniffer (Sniffer is used to flow the interactions among agents). As shown in Figure 19 , the yellow arcs at lines 1 and 2 represent a learner agent (A) requesting an AID from the device agent in order to establish a communication. The grey arc at line 3 represents the case when the social agent informing the teacher agent about the learners' collaborations status. The grey arcs at line 4 and 5 represent the case when the social agent asks the learner agent for the learner data model to build the social data model as described in Section 5. The red and black arcs at lines 6 and 7 represent the case when the learner agents (A) and (B) respond to 
This part presents sample interactions between the agents of the proposed system. Figure 19 illustrates a simulation to the proposed model using JADE Sniffer (Sniffer is used to flow the interactions among agents). As shown in Figure 19 , the yellow arcs at lines 1 and 2 represent a learner agent (A) requesting an AID from the device agent in order to establish a communication. The grey arc at line 3 represents the case when the social agent informing the teacher agent about the learners' collaborations status. The grey arcs at line 4 and 5 represent the case when the social agent asks the learner agent for the learner data model to build the social data model as described in Section 5. The red and black arcs at lines 6 and 7 represent the case when the learner agents (A) and (B) respond to the social agent for its request. The other arcs (purple, blue, and green) represent the agents' AID updates. Figure 20 illustrates the teacher agent interactions with other agents. The grey arcs at lines 1 and 2 represent the case when the teacher agents propose a task to the learner agents (A) and (B). The purple and blue arcs represent the requests and responses of the teacher agent for the AID learner and social agents. Figure 21 shows the simulation of interactions between the learner agents. The grey arcs at lines 1 and 2 represent the case when the learner agent (B) interacts with other learners of the same group.
Electronics 2020, 9, the social agent for its request. The other arcs (purple, blue, and green) represent the agents' AID updates. 
A Case Study for Collaborative Mobile Learning Model
To evaluate the proposed model, it was tested by a group of students at the University of Jordan. The questions are selected from "Data Structure" course that is taken by all undergraduate IT students at the university. The selected students are registered in "Database" and "Artificial 
To evaluate the proposed model, it was tested by a group of students at the University of Jordan. The questions are selected from "Data Structure" course that is taken by all undergraduate IT students at the university. The selected students are registered in "Database" and "Artificial Intelligence" courses as these two courses have the "Data Structure" course as a pre-requisite. Section 7.1 presents the experiment methodology used in the test and the experimental results obtained from a distributed questionnaire, Section 7.2 illustrates the analysis of interactions between students during the test. Section 7.3 analyzes the experimental learner interactions.
Experiment Methodology and Results
To conduct the model experiments, two full sections of 26 students, of King Abdullah II School for Information Technology located at the University of Jordan, were invited to use the developed collaborative m-learning system. The standard section size ranges between 20 to 30 students, therefore this number reflects the most realistic scenario in such settings. The University of Jordan is the largest and oldest institution of higher education in Jordan located in Amman. The selected students were asked to complete a questionnaire after they use the m-learning model. The students were divided into four collaborative groups (Group 1, Group 2, Group 3, and Group 4) where 4 to 8 students in each group cooperated to solve the given problem. Students in each group were asked to collaborate to solve a question taken from the "Data Structure" course (refer to Appendix A for problem description and the used FCS class interactions table). The questionnaire measures the students' acceptance and perceptions of the effectiveness of the collaborative m-learning system. On a five-point scale (ranging from 1 = "strongly disagree" to 5 = "strongly agree"), students were asked to indicate their response to 21 statements about the collaborative m-learning system. Frequencies and descriptive statistics such as mean and standard deviation (SD) values for each question of the questionnaire were calculated. Table 11 shows the main findings of the questionnaire, which are the mean and SD values for each question of the questionnaire. This table has three columns; the first is the question number (Appendix B lists the questions), the column labeled Mean shows the mean value of each question, and finally, the third column labeled SD shows the standard deviation value of each question. Overall, the students perceived that the proposed collaborative m-learning application is easy to use (3.88, SD = 1.01), well organized (3.73, SD = 0.90), facilitates learning (3.73, SD = 0.73), should be used to supplement lectures (3.73, SD = 0.90), and convenient and easy to access (3.92, SD = 0.67). On the other hand, students have different thought about using the m-learning application to replace the traditional lectures (3.15, SD = 1.46) and how the m-learning matches the human contact that a teacher provides (3.31, SD = 1.26). However, students felt the proposed model enhances the problem-solving skills (3.96, SD = 0.85). In addition, students expressed that they like the combination of both lectures and m-learning (3.88, SD = 0.97), and they think the collaboration among students in the m-learning is useful (3.85, SD = 0.72). Additionally, students agree that collaborative m-learning increases their knowledge rather than learning individually (3.62, SD = 0.84) and the social agent encouraged them for more participation in learning (3.77, SD = 0.70).
Analyzing the Experiment Learners' Interactions
This section shows the analysis of the social interaction between the learners. Table 12 presents the FCS interactions sequence for the first collaborative group (Group 1). It can be noticed that the learners began the process by first analyzing the problem, and then they determine the development criteria for the problem with some orientation. After that, they start suggesting a solution for the problem. Finally, they evaluate the suggested solution. It can be noticed that some students, e.g., Learner (1) did not collaborate with other group members. However, this learner should be more social with other group members. As a result, the social agent encourages Learner (1) for more collaboration. In addition, the teacher can evaluate the member interactions and send some hints to group members for problem clarification. 
Learner Number Interactions Sequence
Learner (1) PA-PA Learner (2) PA-PC-OO Learner (3) NT-PA-CD-SD Learner (4) NT-NT-SE Learner (5) PA-PA-CD-NT-OO-SD-SD-SE Learner (6) PA-PA-CD-SE-NT Learner (7) PA-CD-SE-NT Learner (8) PA-PC-CD-SD-SD After building the interaction sequence, the social agent builds the FCS learner's participations ranking as shown in Table 13 . It can be noticed that the group performance for class PA equals 10 and the total group performance is 28. Table 14 shows the FCS learner participation for Group 1. The record for learner participation within each class is presented in this table. Table 15 shows the FCS learner's participation ratio for Group 1. The collaboration percentage for each learner within each class is presented in this table. Figure 22 shows comparisons among learners' collaboration for each class of Group 1. It is obvious that Learner (5) has the most group participation in problem solving within the group (PA = 20%, OO = 50%, CD = 20%, SD = 40%, SE = 25%). On the other hand, Learner (1) has the minimum group participation (PA = 20%). Similarly, learners' participation ratios for groups 2, 3, and 4 are shown in Figures 23, 24 , and 25, respectively.
The comparison among the learners' collaboration within each class of Group 2 is shown in Figure 23 . It is clear that Learner (3) (PA = 10%, PC = 50%, OO = 10%, CD = 33 %, SD = 50%, SE = 50%, NT = 11%) and Learner (5) (PA = 20%, PC = 40%, OO = 50%, CD = 11%, SD = 40%, SE = 25%, NT= 11%) have the most group participation in problem solving within the group. On the other hand, Learner (4) has the minimum group participation (Non-task = 33%, PA = 10%). Similarly, learners' participation ratios for groups 2, 3, and 4 are shown in Figures 23, 24 , and 25, respectively.
The comparison among the learners' collaboration within each class of Group 2 is shown in Figure 23 . It is clear that Learner (3) (PA = 10%, PC = 50%, OO = 10%, CD = 33 %, SD = 50%, SE = 50%, NT = 11%) and Learner (5) (PA = 20%, PC = 40%, OO = 50%, CD = 11%, SD = 40%, SE = 25%, NT= 11%) have the most group participation in problem solving within the group. On the other hand, Learner (4) has the minimum group participation (Non-task = 33%, PA = 10%). The comparison among the learners' collaboration within each class of Group 3 is shown in Figure 24 . It is clear that Learner (3) has the most group participation in problem solving within the group (PA = 10%, PC = 100%, OO = 50%, CD = 33%, SD = 25%, SE = 50%, NT = 33%). On the other hand, Learner (4) has the minimum group participation (PA = 10%, SE = 20%, NT = 33% The comparison among the learners' collaboration within each class of Group 3 is shown in Figure 24 . It is clear that Learner (3) has the most group participation in problem solving within the group (PA = 10%, PC = 100%, OO = 50%, CD = 33%, SD = 25%, SE = 50%, NT = 33%). On the other hand, Learner (4) has the minimum group participation (PA = 10%, SE = 20%, NT = 33%). Moreover, it can be noticed that Leaner (3) has PC = 100%. In this case, the social agent engages other leaners in the group to do more contributions with Learner (3) in class PC. The comparison for learners' collaboration between each class of Group 4 is shown in Figure 25 . It is clear that Learner (1) has the most group participation in problem solving within the group (PA = 30%, PC = 40%, OO = 22%, CD = 22%, SD = 11%, SE = 57%, NT = 9%). On the other hand, Learner (8) has the minimum group participation (SD = 10%, NT = 18%). 
Analyzing the Factors that Improved the Quality of Learning Process During the Experiment
This section analyses the different factors that are used to improve the quality of learning process during this experiment in the proposed model. In this model, the social agent has the main role of assessing and evaluating member and group interactions, and it provides the following assessment to improve the collaboration during the learning process:
• Member quality of collaboration using FCS interactions sequence for collaborative groups. • Group quality of collaboration using FCS learners' participations ranking factor for collaborative groups.
•
Learners' performance using FCS learner's participation ratio.
For instance, the assessment of member's quality of collaboration parameters has direct correlation with FCS classes interactions sequence as shown in Figure 26 , The members interact during problem solving as described in FCS classes sequence (PA-PC-OO-CD-SD-SE), therefore if an interaction is stopped at some point during problem solving, it will be noted and the situation will be assessed by the teacher. The comparison among the learners' collaboration within each class of Group 2 is shown in Figure 23 . It is clear that Learner (3) (PA = 10%, PC = 50%, OO = 10%, CD = 33 %, SD = 50%, SE = 50%, NT = 11%) and Learner (5) (PA = 20%, PC = 40%, OO = 50%, CD = 11%, SD = 40%, SE = 25%, NT= 11%) have the most group participation in problem solving within the group. On the other hand, Learner (4) has the minimum group participation (Non-task = 33%, PA = 10%).
The comparison among the learners' collaboration within each class of Group 3 is shown in Figure 24 . It is clear that Learner (3) has the most group participation in problem solving within the group (PA = 10%, PC = 100%, OO = 50%, CD = 33%, SD = 25%, SE = 50%, NT = 33%). On the other hand, Learner (4) has the minimum group participation (PA = 10%, SE = 20%, NT = 33%). Moreover, it can be noticed that Leaner (3) has PC = 100%. In this case, the social agent engages other leaners in the group to do more contributions with Learner (3) in class PC.
The comparison for learners' collaboration between each class of Group 4 is shown in Figure 25 . It is clear that Learner (1) has the most group participation in problem solving within the group (PA = 30%, PC = 40%, OO = 22%, CD = 22%, SD = 11%, SE = 57%, NT = 9%). On the other hand, Learner (8) has the minimum group participation (SD = 10%, NT = 18%).
Analyzing the Factors that Improved the Quality of Learning Process During the Experiment
•
Member quality of collaboration using FCS interactions sequence for collaborative groups. • Group quality of collaboration using FCS learners' participations ranking factor for collaborative groups.
• Learners' performance using FCS learner's participation ratio.
For instance, the assessment of member's quality of collaboration parameters has direct correlation with FCS classes interactions sequence as shown in Figure 26 , The members interact during problem solving as described in FCS classes sequence (PA-PC-OO-CD-SD-SE), therefore if an interaction is stopped at some point during problem solving, it will be noted and the situation will be assessed by the teacher.
• Member quality of collaboration using FCS interactions sequence for collaborative groups. • Group quality of collaboration using FCS learners' participations ranking factor for collaborative groups. • Learners' performance using FCS learner's participation ratio.
For instance, the assessment of member's quality of collaboration parameters has direct correlation with FCS classes interactions sequence as shown in Figure 26 , The members interact during problem solving as described in FCS classes sequence (PA-PC-OO-CD-SD-SE), therefore if an interaction is stopped at some point during problem solving, it will be noted and the situation will be assessed by the teacher. Additionally, the assessment of group quality of collaboration has direct correlation with FCS learners' participations ranking factor for collaborative groups as shown in Figure 27 . If the group has a higher value ranking, it is more likely the group has more collaboration quality.
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Additionally, the assessment of group quality of collaboration has direct correlation with FCS learners' participations ranking factor for collaborative groups as shown in Figure 27 . If the group has a higher value ranking, it is more likely the group has more collaboration quality. Furthermore, the assessment of the learners' performance has direct correlation with FCS learner's participation ratio as shown in Figure 28 . If a learner has more participation ratio, this indicates that the learner has greater collaboration performance. Furthermore, the assessment of the learners' performance has direct correlation with FCS learner's participation ratio as shown in Figure 28 . If a learner has more participation ratio, this indicates that the learner has greater collaboration performance. Furthermore, the assessment of the learners' performance has direct correlation with FCS learner's participation ratio as shown in Figure 28 . If a learner has more participation ratio, this indicates that the learner has greater collaboration performance. Based on the conducted experiments, the authors found that the proposed model can improve quality of learning process by assessing learners' and groups' collaboration, and it can help teachers make learners improve how they work in groups. Furthermore, it provides various ways of assessing learners' abilities and skills in groups.
Conclusions and Future Work
This work created an efficient collaborative m-learning model based on mobile agents and thus successfully implemented an m-learning architecture against the challenges addressed in this research, namely the support of efficient mobile learning in education and the complexity of incorporating technological and educational components together. The proposed model consists of Based on the conducted experiments, the authors found that the proposed model can improve quality of learning process by assessing learners' and groups' collaboration, and it can help teachers make learners improve how they work in groups. Furthermore, it provides various ways of assessing learners' abilities and skills in groups.
This work created an efficient collaborative m-learning model based on mobile agents and thus successfully implemented an m-learning architecture against the challenges addressed in this research, namely the support of efficient mobile learning in education and the complexity of incorporating technological and educational components together. The proposed model consists of four components: the learner agent, the teacher agent, the device agent and the social agent, where the social agent plays the main role through continuous evaluation and monitoring of the group collaboration. The proposed architecture model was implemented using the JADE-LEAP platform and was applied on mobile devices. The agent interactions were also analyzed to evaluate the performance of the proposed model. The questionnaire results showed that the proposed collaborative m-learning system was easy to use and access, well-organized, convenient, and facilitates the learning process. Additionally, the questionnaire's participants recommended using the proposed model to supplement classroom lectures. Moreover, the experimental results and simulation revealed that the proposed collaborative m-learning model enhanced the leaners' skills in problem solving, increased the learners' knowledge, and encouraged learners for more participation in the learning tasks.
The experiments and simulation of the proposed model also showed that the collaborative e-learning can be integrated with the collaborative m-learning. Several research directions are still needed to experiment with the performance, security, and compatibility issues between the two platforms. In addition, more investigation is needed to integrate the collaborative m-learning model based on agents with other e-learning and m-learning systems that have different architectural models. Furthermore, more research is needed to add other components to the proposed model to enhance the learning requirements, such as the teacher' profile that can be used by teachers to store their information. 
